The photon-ion merged-beams technique has been employed at the new PhotonIon spectrometer at PETRA III (PIPE) for measuring multiple photoionization of Xe Absolute cross sections for 3d photoionization of Xe q+ ions (1 ≤ q ≤ 5) 2
Introduction
Inner-shell photoionization of heavy atoms with subsequent deexcitation via radiative and Auger cascades leads to the formation of multiply charged ions. The distribution of final charge states depends on the branching ratios for the various deexcitation processes. Comprehensive theoretical calculations for these quantities are cumbersome [1] , nevertheless, they are required, e.g., for predicting the charge balance in astrophysical plasmas [2] or EUV-light sources [3] . Here, we report experimental absolute cross sections for multiple photoionization of Xe q+ ions with primary charge states 1 ≤ q ≤ 5 which were obtained by employing the photon-ion merged-beams technique at a synchrotron light source. The experimental photon energy range was 500-1200 eV.
The most prominent features of the xenon photoionization cross sections in this energy range are due to inner shell ionization of a 3d electron. In the past, inner-shell 3d-photoabsorption and 3d-photoionization of neutral xenon atoms has been extensively studied both experimentally [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] and theoretically [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . To the best of our knowledge there are no such studies for xenon ions, except for the theoretical work of Tong et al [31] on 3d → εf partial ionization of Xe + and Xe 2+ . Experimentally, photoionization of ions from the xenon and neighbouring isonuclear sequences has only been studied at lower photon energies, in particular, in the range of the 4d ionization threshold [36] [37] [38] [39] (and references therein).
The present study extends the work of Saito and Suzuki [13] who measured yields of multiply charged Xe ions after 3d photoionization of neutral xenon atoms. Here we present similar measurements for Xe ions. In addition, the merged-beams technique applied here allows us to put the measured ion yields on an absolute cross section scale. Before presenting and discussing our results we give a comprehensive description of our new photon-ion merged-beams setup and of the experimental procedures.
Experimental setup and experimental procedures
The well-established photon-ion merged-beams technique [40] [41] [42] [43] [44] [45] [46] has been employed at the newly built Photon-Ion spectrometer at PETRA III (PIPE, figure 1 ) [47, 48] . This experimental setup has been permanently installed as an end station at the "Variable Polarization XUV Beamline" (P04) of the synchrotron light source PETRA III at DESY in Hamburg, Germany. In comparison with similar existing installations at the ALS [45] in Berkeley, USA, at ASTRID [44] in Aarhus, Denmark, and at SOLEIL [46] in SaintAuban, France, PIPE is the only photon-ion merged-beams setup that provides access to photon energies beyond 1000 eV.
Photon beamline
The photon beamline has been designed to deliver extreme ultra-violet (XUV) photons in the energy range 250-3000 eV with photon fluxes exceeding 10 12 s −1 at resolving powers It is stopped by a calibrated photodiode (PD) which continuously monitors the absolute photon flux. The ion beam enters from the left (red arrow). It is generated with an ion source that is mounted on a separate platform (not fully shown). The analyzing magnet (AM) provides mass/charge selection of ions for the further ionbeam transport. Spherical deflectors (SD) can be used to direct the ions either into the crossed-beams (CB) interaction point or into the merged-beams (MB) collinear beam overlap region. The demerging magnet (DM) deflects primary and product ions out of the photon-beam axis and directs product ions into the single-particle detector (SPD). The ion current can be measured at various places along the ion beamline by inserting Faraday cups (FC) into the ion beam. One FC is mounted inside the DM such that product ions which are deflected by 90
• can pass towards the SPD, while ions in different charge states or with different kinetic energies are collected in this FC. The MB is equipped with scanning slits for beam-profile measurements.
of at least 10000 [49] . The present measurements were taken in the commissioning phase of the beamline. In particular, the grating of the monochromator had not yet been aligned properly. This resulted in a lower photon flux and a lower achievable photon energy resolving power. During the present measurements the photon energy spread was ∆E ≈ 3 eV at photon energies around 700 eV. Due to the moderate resolving power the photon flux at this energy was still 5 × 10 12 s −1 . It was monitored with a calibrated silicon photodiode (labeled PD in figure 1 ) located at the end of the photon beamline. The calibration had been performed off-site by the German national Metrology Institute Physikalisch-Technische Bundesanstalt (PTB). The uncertainty of the calibration is less than 1.5% for photon energies in the range 250-3600 eV.
Ion beamline
In the PIPE setup (figure 1) an ion beam interacts with the photon beam either in a merged-beams or a crossed-beams arrangement. The latter provides a small interaction volume, e.g., for time-of-flight detection of photo products including photoelectrons over virtually the entire 4π solid angle. It is equipped with a recoil-ion momentum spectrometer [50] which was not used for the present measurements and will be described Table 1 . Overview over the investigated combinations of primary ion charge states q and product-ion charge states r, and the corresponding experimental conditions. Listed are the ion current I ion in the merged-beams section, the ion velocity v ion , the ion flight time t ion from the ion source to the center of the voltage-labeled interaction region (∼9 m flight path), and the experimental photon energy range [ in detail elsewhere. The merged-beams section provides a large interaction volume and, thus, the possibility to study small cross sections of photon-ion processes with high sensitivity making up for the diluteness of ionic targets. For the present measurements, Xe q+ (q = 1 − 5) ion beams were produced in a compact permanent-magnet electron cyclotron-resonance (ECR) ion source [51] . It had been installed on the ion-source platform (figure 1) and was operated on a high voltage U acc with respect to the grounded ion beamline. Thus, after extraction from the ECR ion source, ions with charge qe (with e denoting the elementary charge) and mass m ion were accelerated to a laboratory energy E ion = qeU acc = A double focusing dipole magnet with 90
• bending angle, 1 m bending radius, and 2 m focal length is used for the selection of ions according to their mass-over-charge ratio. This "analyzing magnet" (figure 1) has been designed to deflect 1.5-keV-ions with masses of up to 100 000 u for photoionization experiments. For example, singly charged mass-selected Fe cluster ions with more than 1500 atoms can be investigated. For the relatively light xenon ions in the present experiment isotopic mass resolution is routinely achieved (figure 2). Higher mass resolving powers can be realized at the expense of beam intensity by closing beam-collimating slits that are located at the focal points in front of and behind the analyzing magnet. In the present experiment ions with charge states q = 1 − 5 and mass number A = 132 were selected for further transport to the merged-beams interaction region.
The ions were directed onto the photon-beam axis by using an electrostatic spherical deflector. The length of the straight merging path is about 1.7 m. The ion beam was centered onto the counter-propagating photon beam by applying appropriate voltages to the electrostatic ion optical lenses and steerers that are placed along the ion beamline according to results from ion-optical calculations. In addition, slits can be closed onto the photon beam in order to force the thus collimated ion beam to the correct position. A well defined interaction volume of length L = 49.5 cm is provided by a drift tube that is coaxial with the merged photon and ion beams. When the drift tube is on an electric potential, U dt , photoions that are created inside the drift tube acquire a kinetic energy different from the kinetic energy of ions, that are created elsewhere along the merging path.
For the demerging of ions and photons a second double-focussing dipole magnet with a bending radius of 0.625 m is used. The demerging magnetic field deflects the ions from the photon beam axis and separates product ions (photoions) from primary ions. The primary ions are collected in a Faraday cup which is located inside the demerging-magnet vacuum chamber. With an appropriately chosen demerging magnetic flux density, product ions with a given energy and a given mass-over-charge ratio are deflected by 90
• and directed onto a single-particle detector. Before the ions reach the detector they are directed out of the collision plane by an electrostatic 180
• spherical Figure 3 . Demerging-magnet scan of Xe 8+ ionization products from a Xe 5+ primary ion beam interacting with 750-eV-photons. Xe 8+ ions that originate from the voltagelabeled interaction region (U dt = −200 V) contribute to the left peak and ions that are produced outside this region contribute to the right peak. The full line is a fit to the measured data (symbols) of two rectangular profiles convoluted with a gaussian. A gaussian full width at half-maximum of 0.029 ± 0.001 mT corresponding to a mass resolving power of ∼2000 has been obtained from the fit.
deflector in order to suppress background from stray particles. The detector [52] consists of a metal converter plate where the impinging ions generate secondary electrons which by an electric field are accelerated into a channel electron multiplier (CEM). Its detection efficiency for keV atomic ions is η = 97 ± 3% [52] . Dead time effects were negligible since the signal count rates were less than 200 s −1 which is much less than the maximum count rate of several hundred kHz that can be processed. Under the present vacuum conditions the dark count rate was 0.036 s −1 . Figure 3 shows measured product-ion count rates resulting from triple photoionization of Xe 5+ primary ions as function of the demerging magnetic field. While scanning the magnetic field strength, Xe 8+ product ions originating from different parts of the photon-ion merging section were directed onto the detector. The low-field peak was caused by ions originating from the voltage-labeled interaction region. Since the drift-tube potential had been chosen to be negative (U dt = −200 V), these ions were somewhat slower than ions that originated from outside the voltage-labeled zone. Correspondingly, the latter have been detected at higher magnetic field values. The individual product ion peaks exhibit flat tops. This peak shape clearly shows that the entire product beam from the voltage-labeled interaction region reached the detector at the appropriate demerging magnetic setting.
Cross-section determination
The photoionization cross section σ is readily determined by normalizing the measured detector count rate R on photon flux φ ph , the number of ions in the interaction region, Absolute cross sections for 3d photoionization of Xe q+ ions (1 ≤ q ≤ 5) 7 beam overlap and detection efficiency, i.e.,
where I ion denotes the electrical ion current and where the beam overlap factor (form factor) for the length L of the beam overlap region is defined as
At three positions z i (i = 1, 2, 3) along the merging path the transverse beam-overlap factors
can be determined by using scanning slits. At each position a set of two slits is available for scanning the beam profiles in horizontal and vertical direction, i.e., in x and y direction, respectively. Figure 4 shows measured ion beam and photon beam profiles. Both beams overlapped well. For the evaluation of the overlap factor F L , the integrals are approximated by sums and the usual approximation [43, 45] is made that the ion current density and the photon flux density factorize such that i ion (x, y) = i interpolating the three measured form factors F (z i ) with a second order polynomial (figure 5).
It should be noted, that the overlap factor in the present setup does not depend on the photon energy, since the photon beam transport was designed such that the photon beam is always at the same spatial position independent of photon energy. This has been verified by repeatedly measuring beam profiles at different photon energies. The measured overlap factors were constant within 2% in agreement with the findings of Lyon et al [40] at a different setup. These measurements also showed that the ion beam remained at its position for at least several hours. This was due to its rather tight collimation and to the long-term stability of the supplies for the ion optical elements. As a further systematic check, overlap factors were measured for different settings of the ion-beam collimating slits. Within the experimental uncertainties, the product I ion F L (cf. Eq. 1) turned out to be independent of the collimator settings. Because of these highly stable conditions the measured cross sections could readily be put on an absolute scale.
The systematic uncertainty of the absolute cross section scale amounts to 15% at 90% confidence level. It is dominated by the 14% uncertainty [45] of the beam overlap factor. Other major sources of error are the ion detection efficiency of the product ions (3%), the collection efficiency of the primary ions (2%), the ion current measurement (2%), the photocurrent measurement (2%), and the photodiode calibration (1.5%).
Energy calibration
An accurate assignment of resonance energies in the soft x-ray region is not straightforward. This is mainly due to the lack of suitable, sufficiently accurate calibration standards in this photon energy range. Nominal photon energies hν n on the high-resolution energy scale as calculated from the monochromator settings have uncertainties of less than 0.1%. This was checked by measuring the energies of photoelectrons from photoemission of noble gases. A more accurate calibration was achieved by using C + and Ne + photoionization resonances at 288.40 eV and 848.66 eV, respectively [53] . This calibration resulted in an energy shift of -0.232 eV at 700 eV nominal energy. The remaining uncertainty of the calibrated energies hν c is mainly due to the misalignment of the monochromator grating which resulted in a slightly asymmetric instrument function of the photon beamline. Since this function is unknown, there is an associated uncertainty of resonance energies. A conservative estimate for the uncertainty of the present photon energy scale is 0.3 eV.
Finally, the Doppler shift of photon energies as seen by the moving ions has to be taken into account. To this end, the photon energy hν in the rest frame of the primary ions is calculated from the calibrated photon energy hν c as
where β = 2qe(U acc − U dt )/(m ion c 2 ) is the velocity of the primary ions in the voltage labeled interaction region in units of the speed of light c. Under the present experimental conditions the Doppler shift for Xe 1+ (Xe 5+ ) amounts to ∼0.22 eV (0.50 eV) at a photon energy of 700 eV.
Metastable ions in the ion beam
Since the ions are extracted from a hot plasma inside the ion source they are partially in excited levels. Most of these levels are short lived and decay rapidly to lower lying levels. However, few levels have considerably longer life times. We have calculated life times of the excited levels of the Xe q+ ground configurations (table 2) using the Grasp [55] Dirac-Fock atomic structure code. The calculated life times are orders of magnitude larger than the flight times from the ion source to the interaction region (table 1) . Thus, one has to be aware that the photoionization target has been a mixture of ions in the ground level and of ions in excited levels. As usual, the fractions of excited ions are unknown. Correspondingly, any comparison between experimental and theoretical results has to be discussed with due care. It should, however, be noted that the excited level energies (table 2) are very much lower than the presently used photon energies. Therefore, we do not expect a strong influence of the excitation state on the measured cross sections, in particular, in photon energy ranges where there are no ionization thresholds or photoionization resonances. Figure 6 shows cross sections for fourfold ionization of Xe + and double ionization of Xe 4+ over rather extended photon energy ranges of 500-1100 eV and 650-1100 eV, respectively. The two spectra are strikingly different, in particular, at energies around 700 eV. While the Xe + spectrum exhibits a double-step structure with an extended high energy tail, the Xe 4+ spectrum shows distinct resonance features which are mainly associated with 3d → nf excitations. This striking difference is related to the wellknown collapse of the nf wave functions [56] which occurs when the charge of the primary ion is increased. The progression towards spectra containing increasingly more distinct resonance features with increasing primary ion charge state is displayed in detail in figures 7-11. Each measured curve represents an absolute cross section for multiple photoionization, i.e., for a reaction of the type
Results and discussion
where q and r denote the charge states of the primary ion Xe q+ and the detected product ion Xe r+ , respectively. In figures 7-11 each spectrum carries a corresponding label 'Xe q+ →Xe r+ '. For each primary ion only those product ion charge states were considered which yielded a count rate larger than ∼1 Hz at the cross section maximum. This condition constrained the measured product ion charge states r to the ones given in table 1.
In order to obtain insight into the measured spectra we performed fully relativistic Dirac-Fock atomic structure calculations using the latest versions of the Grasp [55] and Ratip [57] codes. Initial wave functions for the Dirac-Fock calculations were obtained from the Hartree-Fock program HF of Froese Fischer [58] . The calculations were kept as simple as possible, i.e., all atomic state functions were based on just one nonrelativistic configuration. Thus, the present theoretical results are not of utmost precision. Nevertheless they are well suited for the discussion of the main features in the experimental spectra. The natural line widths of the 3d excitation resonances are mainly determined by the lifetime of the 3d hole, which is quickly filled by Auger transitions. From our atomic-structure calculations we found a width of 0.6 eV for virtually all resonances independent of the ion charge state. This width is within the range of values reported for neutral xenon [14] . Results of our calculations are presented in tables 2 and 3 and in figure 12 .
For Xe + the dominant product ion charge states are 4+,5+, and 6+ ( figure 7) . The same charge states have been found to be dominant for 3d ionization of neutral xenon [13] . Also the shapes of the present cross sections for Xe + strongly resemble measured absorption and ionization cross sections for neutral xenon atoms [5, 9, 10, 13, 14, 16]. In the energy range 670-720 eV, a broad double-peak structure is observed on top of a monotonically decreasing background cross section due to outer shell ionization. The energy separation of the two peaks corresponds to the 3d 5/2 −3d 3/2 fine-structure splitting of about 13 eV. This splitting is virtually the same for all presently investigated charge states (table 3) . In analogy to 3d ionization of neutral Xe, the double peak structure in the Xe + cross sections is attributed mainly to 3d → εf shape resonances [24] which are supported by a shallow centrifugal barrier of the atomic potential. A competing ionization mechanism is resonant excitation of the 3d electron to a higher nf shell with principal quantum numbers n ≥ 4 and subsequent autoionization. For neutral Xe this ionization pathway is largely suppressed because the nf wave functions are localized in the outer potential well beyond the centrifugal barrier. Therefore, they do not have a significant spatial overlap with the 3d wave function. For Xe + the rise of the ionization cross section occurs just at the 3d j (j = 3/2, 5/2) ionization thresholds. This is in contrast to neutral xenon where a "delayed" onset of the absorption cross section is observed at about 10 eV above the threshold [5, 24] .
The cross sections for the higher primary ion charge states exhibit narrower 3d j → nℓ excitation resonances in addition to the broader threshold features. The resonances appear below the corresponding 3d j ionization thresholds. The number of individually resolved resonance features increases with increasing charge state of the primary ion (figures [8] [9] [10] [11] . While the positions of resonances of a given primary charge state are independent of the product charge state, the relative resonance strengths differ from one product channel to another. This is most noticeable in the double and triple ionization spectra of Xe 4+ ( figure 10) . Generally, the individual resonance strengths depend on the details of the various decay chains that lead from the primary 3d hole to the different product ions. The slight differences between the cross sections for threefold and fourfold ionization of Xe + (figure 7) may be explained similarly. The apparent shift of the 3d → εf resonance features in the Xe + →Xe 4+ cross section to lower energies may be caused by unresolved resonances which are much suppressed in the Xe + →Xe 5+ and Xe + →Xe 6+ cross sections. In addition, the Xe + →Xe 4+ cross section exhibits a weak peak at 664 eV which may be associated with 3d 5/2 → 5p excitation. This peak is not discernible in the other multiple ionization channels. It is noted that pathways after 3d photoionization of neutral Xe have been investigated in more detail by applying electron spectroscopy and coincidence techniques [1, [18] [19] [20] [21] [22] [23] .
For the comparison of the measured absolute cross sections with the calculated absorption cross sections we have summed all individually measured product channels for each primary ion. To a good approximation, these sum spectra represent the absolute experimental cross sections for photoabsorption. According to the findings of Saito and Suzuki [13] for neutral Xe, the sum of the three dominant ionization channels comprises more than 90% of total cross section for 3d photoionization. Therefore, we assume that the additional uncertainty of the experimental 3d photoabsorption cross sections due to the neglect of unmeasured product charge states is less than 10%. Experimental and calculated spectra are compared in figure 12 . It should be noted that experimental and theoretical cross sections are both absolute, i.e., there is no scaling of cross section involved in the comparison. In the energy ranges where direct 3d ionization is dominant, experimental and theoretical cross sections agree to within 20% or better, i.e., within the experimental uncertainties (including the 10% summation uncertainty). The largest discrepancies (at energies > 730 eV) of up to 20% occur for Xe 1+ and Xe 3+ . There is no significant discrepancy for the other charge states. The situation is different for energy ranges which are dominated by resonances. The theoretical spectra were shifted towards lower energies by up to 3.5 eV (figure 12) in order to achieve a gross alignment of experimental and theoretical resonance structures. Still most individual resonance structures do not match very well. There is disagreement with respect to resonance positions and resonance strengths. Apparently, our simple single-configuration approach neglects important correlation effects. In addition, there may have been sizeable fractions of metastable primary ions (table 2) in the experiment with possibly non-negligible effects on the measured resonance structures.
Nevertheless, the calculations are very useful for assigning the measured resonances. Accordingly, the most dominant ionization resonances are associated with 3d 5/2 → nf and 3d 3/2 → nf excitations (n = 4, 5, . . .) with any pair of 3d → nf excitations being separated by the 3d 5/2 − 3d 3/2 fine-structure splitting of ∼13 eV. For Xe 5+ , resonances up to n = 6 have been resolved (bottom panel of figure 12 ). At low energies, weak resonances associated with 3d → 5p excitations are clearly visible for Xe 4+ and Xe 5+ . According to our calculations, 3d → np excitations with n > 5 are very weak for all primary ion charge states under consideration.
Summary and conclusions
The new photon-ion merged-beams setup PIPE has successfully been used for measuring absolute cross sections for multiple 3d photoionization of ions from the xenon isonuclear sequence. The measured cross sections exhibit progressively more resonance features as the primary ion charge state is increased from 1+ to 5+. This finding is explained by the collapse of the f wave functions into the inner atomic potential well which deepens with increasing charge state. Absolute experimental cross sections for photoabsorption were derived by summation over all measured ionization channels. The present results are useful for modeling of the charge balance in astrophysical and technical plasmas.
The main experimental cross section features were reproduced by singleconfiguration Dirac-Fock calculations. Accordingly, the resonances are attributed to 3d → nf excitations with subsequent autoionization. Competing 3d → np excitations were found to play only a minor role. The theoretical cross sections for direct ionization agree with the experimentally derived absorption cross sections within the experimental uncertainties. However, the calculated resonance structures differ significantly from the experimental findings. This is attributed mainly to the neglect of correlation effects in the theoretical single-configuration approach.
With the present investigation we hope to stimulate more accurate theoretical work on inner-shell photoionization of complex ions. Experimental spectra taken at higher resolving powers are already available. Their detailed analysis is in progress and will be the topic of a forthcoming publication.
